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OBJECTIVE 

To  investigate  extrinsic  germanium  photoconductors  activated 
with  such  impurities  as  cobalt  or  gold  where  a  donor  level  near  the 
valence  band  is  compensated  with  an  acceptor.  Under  these  circumstances, 
the  donor  level  becomes  a  pseudo-acceptor  level  and  can  serve  as  the 
activator  for  infrared  photoconductivity.  Under  certain  operating 
conditions,  such  activator  centers  should  have  much  smaller  capture 
cross-sections  than  normal  acceptor  centers,  which  should  be  reflected 
in  greater  responsivity .  Other  anomalous  effects  might  also  be  expected. 

The  efficacy  of  extrinsic  germanium  as  a  relatively  short 
wavelength  (5  n)  infrared  photoconductor  is  also  to  be  explored.  Nickel 
as  an  impurity  in  germanium  is  an  acceptor  with  an  ionization  energy  of 
about  0.23  electron  volts.  Material  with  this  activator  will  be  prepared 
and  tested.  Two  other  short  wavelength  photoconductors  are  also  of  interest 
and  will  be  investigated.  These  are  cobalt  in  germanium  and  gold  in 
germanium-silicon  alloy. 
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INTRODUCTION 

Two  lines  of  research  on  extrinsic  germanium  photoconductors  are 
described  in  this  report.  Fart  I  deals  with  an  investigation  of  photoconductors 
designed  to  function  in  the  3  to  5  micron  region.  For  this,  germanium-silicon 
alloys  activated  with  Au11  and  germanium  activated  with  Co11  or  Ni1  were  studied. 
Germanium  activated  with  nickel  appeared  to  be  the  best  solution,  although  its 
peak  response  is  somewhat  below  5  4.  It  is  probable  that  when  prepared  with 
optimum  compensation,  its  performance  would  equal  that  of  the  known  intrinsic 
photoconductor 8.  Its  stability,  uniformity,  and  ease  of  preparation  might  be 
superior.  Fart  II  treats  the  behavior  of  photoconductors  using  compensated 
donor  levels  near  the  valence  band  as  pseudo  acceptor  activators.  The  lowest 
levels  of  gold  (25  |i)  and  cobalt  (15  n)  were  examined.  Promising  results 
were  obtained,  but  further  work  is  required  to  determine  whether  advantage 
can  be  taken  of  the  possible  two  or  three  orders  of  magnitude  increase  in 
lifetime  (and  consequently  in  photoconductive  gain)  which  should  be  available. 
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PART  I 

EXTRINSIC  PHOTOCONDUCTORS  FOR  THE  3-5  MICRON  SPECTRAL  REGION 
I.  Introduction 

The  development  of  detectors  for  the  infrared  spectral  region  between 
2.5  and  5.5  microns  is  important  since  useful  atmospheric  transmission  bands  and 
strong  emission  bands  due  to  water  vapor  and  carbon  dioxide  fall  within  this  range 
and  since  an  appreciable  fraction  of  the  total  radiation  from  sources  of  moderate 
temperatures  lies  within  these  limits.  The  detector  materials  currently  available 
having  long  wavelength  thresholds  in  the  neighborhood  of  5  to  6  microns  include 
indium  antimonide,  lead  selenide,  and  lead  telluride.  These  are  all  intrinsic 
photoconductors.  There  has  been  relatively  little  Investigation  of  the  potential¬ 
ities  of  extrinsic  photoconductors  specifically  for  this  wavelength  range  although 
there  are  reasons  to  expect  that  properly  prepared  materials  of  this  type  should 
at  least  equal  in  performance  the  best  of  the  intrinsic  detectors.  The  present 
report  summarizes  the  results  of  some  preliminary  studies  of  the  behavior  of 
short  wavelength  threshold  extrinsic  photoconductors. 

A  semi-empirical  relationship  between  D*^,  the  detectivity  at  the  peak 
of  the  extrinsic  response,  the  threshold  wavelength  defined  as  the  wavelength 

at  which  the  response  is  a  factor  of  ten  below  the  peak  value,  and  T,  the  operating 
temperature  in  degrees  Kelvin,  may  be  written^  provided  that  the  detector  is 
operating  under  generation-recombination  noise  limited  conditions.  This  relation¬ 
ship  is: 

log  D*|  —  A  ‘  (1) 

A  is  characteristic  of  the  particular  photoconductor  while  B  contains  only  funda¬ 
mental  constants.  The  values  of  A  and  B  which  give  the  best  empirical  fit  to 

1.  G.  A.  Morton,  M.  L.  Schults,  and  W.  E.  Harty,  RCA  Rev.  20,  599(1959). 
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to  data  for  several  extrinsic  photoconductors  are  6.40  and  2.56x10  micron  degrees, 
respectively. 

If,  for  the  3  to  5  micron  detector,  the  response  at  about  5  microns  is 

to  be  no  more  than  a  factor  of  about  two  below  the  peak  value,  the  photoconductive 

threshold  as  defined  above  would  have  to  lie  at  approximately  6.5  microns.  This 

corresponds  to  an  optical  ionization  energy  of  0.19  ev.  The  predicted  D* 

M 

from  Eq.  (1)  corresponding  to  the  above  threshold  is  3X10*1  cm  watt  *  sec"1^. 
when  the  detector  is  operated  at  liquid  nitrogen  temperature.  It  should,  of 
course,  be  kept  in  mind  that  if  the  detector  performance  is  limited  by  amplifier 
noise  or  by  other  non-fundamental  noise  sources  or  if  it  is  limited  by  background 
radiation  noise,  Eq.  (1)  no  longer  applies. 

Of  the  known  impurities  in  germanium,  those  most  nearly  satisfying  the 
ionization  energy  requirement  for  the  3  to  5  micron  detector  Include  the  lowest 
lying  acceptor  levels  of  cobalt  and  nickel  at  0.25  ev  and  0.23  ev  above  the  valence 
band  edge,  respectively;  the  second  acceptor  level  of  mercury  at  0.23  ev  and  the 
donor  level  of  sulfur  at  0.18  ev  below  the  conduction  band  edge.  Except  for 
sulfur  doped  germanium,  which  is  probably  difficult  to  prepare  because  of  the 
volatility  and  reactivity  of  sulfur,  these  levels  are  somewhat  too  deep-lying 
to  provide  complete  coverage  of  the  3-5  micron  region. 

Extrinsic  photoconductors  having  the  desired  spectral  response  charac¬ 
teristics  can  be  obtained  by  taking  advantage  of  the  fact  that  the  activation 

energy  of  an  impurity  in  germanium-silicon  alloys  is  a  function  of  the  alloy 
1 

composition.  Of  particular  interest  for  the  present  application  is  the  lowest 
lying  acceptor  level  of  gold  which,  in  germanium,  lies  at  0.15  ev  above  the 
valence  band  edge.  In  an  alloy  containing  about  ten  atom  percent  silicon,  the 
activation'  energy  ha*  approximately  the  desired  value.  The  investigation  of 
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this  type  of  material  was  commenced  under  Contract  AF33(616)-6249  and  was  continued 
under  the  present  contract.  Initial  experiments  were  carried  out  with  samples  gold 
doped  by  diffusion.  Although  the  results  obtained  did  demonstrate  the  dependence 
of  optical  ionization  energy  upon  alloy  composition,  some  of  the  properties  of 
these  samples;  in  particular,  the  thermal  activation  energy  and  the  magnitude  of 
the  noise,  were  found  to  depend  strongly  upon  the  presence  or  absence  of  traces  of 
oxidizing  agents  in  the  ambient  atmosphere  present  during  diffusion  and  upon  the 
low  temperature  (near  500°C)  heat  treatment  history  of  the  samples.  These  effects 
are  believed  to  be  due  to  the  presence  of  oxygen  centers  similar  to  those  which 
have  been  described  in  the  literature  for  oxygen  in  germanium  or  silicon.  Under 
some  circumstances,  such  centers  exhibit  donor  action.  Their  presence  greatly 
complicates  the  control  of  compensation  of  the  gold  centers. 

In  view  of  this  complex  behavior,  doping  from  the  melt  was  adopted  as  the 
more  satisfactory  preparation  procedure.  As  appears  always  to  be  the  case  in 
growing  alloy  crystals,  addition  of  a  donor  Impurity  was  necessary  to  compensate 
residual  shallow  acceptor  impurities.  Investigation  of  melt  doped  samples  revealed 
a  dependence  of  the  optical  ionization  energy  of  the  gold  level  upon  degree  of 
compensation  as  well  as  upon  alloy  composition.  It  proved  to  be  difficult  to 
control  the  compensation  to  the  precision  required  to  obtain  high  photoconduc- 
tive  gain.  Consequently,  the  performance  of  the  detectors  made  from  gold  doped 
germanium-silicon  alloy  was  usually  limited  by  the  condition  that  the  noise  as 
a  function  of  bias  voltage  entered  the  noise  breakdown  region  before  the  noise 
from  the  detector  had  risen  appreciably  above  the  Johnson  noise  of  the  load 
resistor.  This  limitation  is  non-fundamental  and  would  be  removed  if  the  photo- 
conductive  gain  could  be  increased  sufficiently. 


2.  K.  S.  Ling,  WADD  Technical  Report  61-140,  Contract  AF33(616)-6249,  31  Jan.  1961. 
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At  this  point,  the  investigation  of  cobalt  and  of  nickel  doped  germanium 
was  undertaken  with  the  hope  that  in  these  materials  the  control  of  compensation 
would  be  less  difficult  than  in  the  gold  doped  alloy  system.  The  very  small 
segregation  coefficients  of  these  impurities  in  germanium  dictate  diffusion  doping 
to  achieve  adequately  large  concentrations.  However,  their  very  rapid  rates  of 
annealing-out  during  quenching  from  the  diffusion  temperature  plus  the  fact  that 
low-lying  acceptor  states  (probably  due  to  vacancies)  are  produced  when  annealing 
occurs  give  rise  to  complications  with  these  also  in  the  control  of  compensation. 
Within  the  limitations  of  time  imposed  on  this  work,  it  was  not  possible  to  achieve 
optimum  compensation.  It  has  been  possible,  however,  in  spite  of  these  defici¬ 
encies  to  achieve  peak  detectivities  for  cobalt  and  nickel  doped  germanium  and 
gold  doped  germanium-silicon  alloy  in  excess  of  10^  cm  watt  ^  sec  at  operating 
temperatures  of  77°K  or  higher.  A  sufficiently  detailed  study  of  the  doping  of 
these  materials  should  lead  to  control  of  the  compensation  to  an  extent  such  that 
the  performance  should  be  significantly  improved. 
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II.  Gold  Doped  Germanium-Silicon  Alloys 

A.  Relative  Spectral  Response  Characteristics 

A  family  of  spectral  response  curves,  normalized  to  unity  at  the  peak 
of  the  extrinsic  response,  Is  shown  In  Fig.  1.  These  curves  Illustrate  clearly 
the  shift  of  the  photoconductlve  threshold  to  shorter  wavelengths  with  Increasing 
silicon  content.  Also  shown  on  this  figure  are  relative  spectral  response  curves 
for  nickel  and  for  cobalt  doped  germanium.  Comparison  of  these  with  the  gold 
doped  alloy  curves  illustrates  the  more  complete  coverage  of  the  3  to  5  micron 
region  which  is  attainable  with  the  gold  doped  alloy  photoconductors.  The  effect 
of  the  degree  of  compensation  of  the  gold  level  in  the  alloys  is  illustrated  by 
the  curves  of  Fig.  2  in  which  the  dependence  of  threshold  upon  silicon  content 
is  given  for  crystals  487  and  488.  For  silicon  contents  larger  than  about  6  atom 
percent,  the  data  for  the  two  crystals  indicate  a  shift  of  about  one  micron  in 
the  threshold  which  appears  to  be  due  to  differences  in  the  degree  of  compensa¬ 
tion  in  the  two  crystals.  The  number  beside  each  point  or  group  of  points  gives 
the  percentage  compensation  of  the  gold  level.  The  threshold  shifts  to  shorter 
wavelengths  with  increasing  compensation.  This  effect  has  previously  been  noted* 
for  zinc  doped  alloys  and  is  probably  a  general  phenomenon.  Its  existence  gives 
rise  to  the  hypothesis  that  an  impurity  in  the  alloys  must  be  characterized  by  a 
distribution  of  states  in  energy  rather  than  by  a  single  level  at  a  sharply  defined 
energy.  Such  a  situation  could  arise  since  different  impurity  atoms  will  have, 
in  general,  different  distributions  of  germanium  and  silicon  atoms  in  their 
neighborhood.  If  such  a  distribution  of  levels  exists,  the  lower  lying  will  be 
compensated  first  as  the  donor  concentration  is  increased  with  the  result  that 
photoexcitation  of  holes  can  occur  only  from  the  deeper  lying  uncompensated 
levels  of  the  distribution. 


3.  Some  of  the  results  reported  in  this  section  were  obtained  under  Contract 
AF33(616)-6249. 
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B.  Magnitude  of  Photocurrent 

The  effect  of  changes  in  the  degree  of  compensation  upon  the  magnitude 
of  the  photocurrent  may  be  illustrated  by  data  on  a  secies  of  samples  from 
crystal  488.  The  increase  in  conductivity  due  f j  rad'ation  for  the  case  in 
which  the  absorption  of  the  radiation  is  small  may  be  shown  to  be  given  by 


A  a  =»  enrap(KA-ND)J 


(2) 


where  e  *  electronic  charge 
^  =  carrier  mobility 
T  ■  carrier  lifetime 
ap  *  photon  absorption  cross  section 

(  N^-Np)  *  concentration  of  uncompensated  gold  centers 
J  -  incident  photon  flux  density 

The  mobility,  at  78°K,  is  determined  primarily  by  alloy  scattering  and 
by  ionized  impurity  scattering.  Over  the  limited  range  of  silicon  content  involved 
here,  from  about  6  to  about  10  atom  percent  silicon,  the  change  in  mobility  due  to 
the  change  in  alloy  scattering  with  composition  is  about  607..  The  mobility  due  to 
ionized  impurity  scattering  varies  approximately  inversely  as  the  ionized  impurity 
concentration  which,  in  turn,  is  determined  by  the  compensating  donor  concentra¬ 
tion.  In  crystal  488,  this  varies  by  a  factor  of  about  three  over  the  portion 
of  the  crystal  under  consideration.  The  carrier  lifetime,  according  to  Eq.(5) 
is  determined  primarily  by  the  compensator  concentration.  Therefore,  for  a 


given  incident  radiation  flux,  Ao  is  expected  to  vary  approximately  as 


V  Nn2  / 


Fig.  3  gives  the  dependence  of  Act  per  watt  of  radiation  at  the  peak  wavelength 
of  the  extrinsic  response  upon  this  quantity.  The  concentration  data  for  the 
samples  used  in  this  comparison  are  given  in  Table  I.  Each  point  represents 
the  average  of  measurements  on  at  least  two  samples.  The  solid  line  corresponds 


to  proportionality  between  A<J  and 


'Vnd 


The  expected  dependence  of  act  upon 
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activator  and  compensator  concentrations  appears  to  have  been  obtained  with  a 
precision  which  is  probably  determined  by  uncertainties  in  the  knowledge  of 
impurity  concentrations.  These  results  illustrate  the  importance  of  the  need 
for  accurate  control  of  the  degree  of  compensation  of  the  activator  impurity  in 
order  to  maximize  the  responsivity . 


TABLE  I 

Ge-Si:AuH  Samples 

Crystal  488 

Sample 

Atom  7.  Si 

Vnd 

nd 

15  -3 

14  -3 

E 

6.3 

1.51x10^  cm  J 

3.5x10  cm  0 

F 

8.1 

1.36xl015 

S.OxlO14 

G 

9.4 

1.17xl015 

6.9xl014 

H 

10.0 

1.08xl015 

7.8xl014 

J 

10.4 

0.87xl015 

9.9xl014 

C.  Detectivities 

Because  of  the  excessive  compensation  of  the  samples  of  Ge-Si:Au^ 
available,  their  detectivities  were  limited,  for  the  most  part,  by  non-fundamental 
noise  sources.  A  typical  curve  of  noise  voltage  versus  bias  voltage,  given  in 
the  lower  part  of  Fig.  4,  illustrates  the  behavior  observed.  The  noise  remains 
at  the  zero  bias  value  up  to  about  200  volts.  Above  this,  the  noise  rises  but 
very  soon  enters  the  range  of  excess  noise.  There  is  no  well  defined  range  in 
which  the  noise  is  proportional  to  voltage  as  should  be  the  case  for  fundamental 
noise.  If  the  material  were  properly  compensated,  the  higher  photoconductive 
gain  which  should  be  a  consequence,  would  result  in  an  increase  both  of  the 
signal  and  of  the  noise.  The  noise  from  the  sample,  then,  would  rise  above  the 
zero  bias  noise  at  a  lower  bias  voltage  and  generation-recombination  or  background 


NOISE  -/i  VOLTS  (f =100  CPS,Af=l  CPS)  D  (500,00,1)  CM  WATT '  SEC 
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radiation  noise  limited  operation,  depending  upon  the  operating  conditions,  would 
be  obtained  over  an  extended  range  of  bias  voltage.  The  500°K  black  body  D* 
values  are  plotted  as  a  function  of  bias  voltage  for  the  same  sample  In  the 
upper  curve  of  Fig.  4.  The  optimum  bias  is  310  volts  and  D*(500, 100, 1)  Is 

i  -1  -1/2 

1.6x10  cm  watt  sec  , 

The  present  state  of  development  of  the  Ge-Si:Au**  photoconductors  is 
summarized  in  Table  II  in  which  D*  values  for  500°K  black  body  radiation,  for 
the  peak  of  the  extrinsic  response,  and  for  5  microns  are  given  for  the  best 
sample  at  each  of  the  alloy  compositions  investigated  with  crystal  488.  For  the 
first  three  samples,  the  expected  Increase  of  D*  values  at  constant  operating 
temperature,  78°K,  with  shift  of  the  threshold  to  shorter  wavelengths  is  observed. 
The  decrease  of  D*  value  with  increasing  silicon  content  at  the  high  end  of  the 
range  is  undoubtedly  due  to  the  noise  situation  described  above.  It  is  of  interest 


TABLE  II 

Ge-Si:AuIX 

D*  Values  at  78°K 

7.  Si 

^Th 

microns 

D*(500, 100,1) 

-1  -1/2 
cm  watt  sec 

D*<V  100,1) 

-1  -1/2 
cm  watt  sec 

D*(5|i,  100,1) 

-1  -1/2 
cm  watt  sec 

6.3 

8.6 

2.1xl09 

6.1xl09 

6.1xl09 

8.1 

8.0 

2.9xl09 

l.OxlO10 

9.2xl09 

9.4 

7.4 

3.7xl09 

1.9xl010 

1.4xl010 

10.0 

6.9 

2 ,9xl09 

1.6xl010 

9.9xl09 

10.4 

6.5 

1.6xl09 

l.OxlO10 

5.6xl09 

to  compare  these  results  with  expectation  in  terms  of  the  relation  between  D*  and 
given  by  Eq.  (1).  For  the  first  three  samples,  which  are  not  so  badly  over¬ 
compensated,  the  observed  values  are  about  a  factor  of  three  below  the  calculated. 
For  the  last  two,  for  which  the  over compensation  is  greatest,  the  factors  are  seven 
and  thirty. 
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III.  Cobalt**  Doped  Germanium 

The  value  for  the  Ionization  energy  of  the  Co**  level,  the  lowest  lying 

A  a 

acceptor  state,  is  reported  to  be  0.25  TO. 01  ev.  This  was  confirmed  by  measure*- 
ment  of  the  temperature  dependence  of  resistivity  of  a  cobalt  doped  sample,  for 
which  the  curve  of  log  resistivity  versus  inverse  temperature  is  given  in  Fig.  5. 
The  value  of  thermal  ionization  energy  obtained  was  0.25g  ev.  The  corresponding 
photoconductive  threshold  should  be  4.8  microns.  The  value  observed  for  the 
wavelength  at  which  the  photoconductive  response  is  a  factor  of  ten  below  the 
extrinsic  peak  was  4.63  microns.  The  absolute  spectral  response  of  a  sample  at 
an  operating  temperature  of  78°K  is  given  in  Fig.  6.  The  peak  D*(\, 100,1)  value 
at  2.5  microns  is  4.3x10*^  cm  watt  *  sec  *^*.  The  results  of  the  measurement  of 
the  500°K  black  body  D*(500, 100, 1)  values  at  several  different  operating  tempera¬ 
tures  are  given  in  Fig.  7.  At  high  operating  temperatures,  log  D*  increases  with 
inverse  temperature  at  a  rate  corresponding  to  0.13  ev.  This  is  just  one-half 
of  the  ionization  energy  of  the  Co**  level  and  is  the  value  to  be  expected  for 
generation-recombination  noise  limited  operation.  Below  about  100°K,  D*  is 
virtually  temperature  dependent.  This  is  due,  not  to  onset  of  background 
noise  limited  operation,  but  rather  to  a  reduction  of  the  noise  below  amplifier 
noise  in  the  bias  voltage  range  below  noise  breakdown.  Here,  as  in  the  Ge-Si:Au** 
alloy,  if  the  photoconductive  gain  can  be  increased  by  better  adjustment  of  the 
compensation  so  that  generation-recombination  or  background  radiation  noise 
limited  operation  can  be  obtained  at  lower  temperatures,  significant  improvement 
in  performance  should  be  achievable. 

The  photocurrent,  in  amperes  per  watt  of  500°K  black  body  radiation 
incident  on  the  sample,  as  a  function  of  electric  field  across  the  sample  for 


4.  W.  W.  Tyler,  R.  Newman,  and  H.  H.  Woodbury,  Phys.  Rev.  92,  669(1955). 
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each  o£  the  sample  temperatures  Investigated  is  given  in  Fig.  8. on  a  log-log  plot. 

In  order  to  separate  the  curves  from  one  another,  the  rdinate  scale  has  been 

shifted  by  half  a  decade  from  curve  to  curve.  For  the  highest  temperature,  140°K, 

the  photocurrent  varies  linearly  with  field  over  the  range  investigated.  At  78°K 

and  90°K,  the  current  varies  approximately  as  the  square  root  of  the  field.  At 

the  Intermediate  temperatures,  the  dependence  at  low  fields  is  linear  while  at 

high  fields,  the  variation  is  less  rapid  and  appears  to  approach  a  square  root 

dependence.  The  field  at  which  deviation  from  linearity  sets  in  shifts  to  lower 

values  as  the  temperature  is  decreased.  Deviations  from  linearity,  in  the 

direction  of  sub -linearity ,  as  great  as  this  have  not  been  observed  with  other 

extrinsic  germanium  or  germanium-silicon  alloy  photoconductors.  For  comparison, 

o 

a  curve  for  nickel  doped  germanium  at  78  K,  plotted  on  the  same  scales  as  that 
for  Ge-Co11  at  78°K  is  included.  Here,  the  dependence  of  current  on  field  is 
only  slightly  sub-linear,  the  exponent  being  0.9.  Unless  this  effect  in  Ge-Co1'1' 
is  a  spurious  contact  effect,  which  is  believed  not  to  be  * ne  case,  it  seems 
to  indicate  an  electric  field  dependence  of  carrier  mobility  and/or  lifetime 
which  is  specific  for  cobalt  doped  germanium. 

The  dependence  of  photocurrent  upon  radiation  intensity  for  cobalt 
doped  germanium  at  78°K  was  investigated  at  several  electric  field  strengths 
between  3  and  850  volts/cm. at  two  different  wavelengths,  2.2  and  3.4  microns. 

In  all  cases,  the  photocurrent  was  proportional  to  the  radiation  Intensity  over 
a  range  of  nearly  four  orders  of  magnitude  variation  of  intensity.  The  data  are 
reproduced  in  Fig.  9. 
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IV.  Nickel  Doped  Germanium 

The  lowest  lying  Impurity  level  In  nickel  doped  germanium  is  reported"* 
to  be  an  acceptor  lying  at  0.22  ±0.01  ev  above  the  valence  band  edge.  The  thermal 
activation  energy  found  in  the  present  work,  from  measurement  of  the  temperature 
dependence  of  resistivity  of  a  nickel  doped  sample  was  0.23^  ev.  This  value 
corresponds  to  a  photoconduct lve  threshold  at  5.3  microns.  The  value  found 
experimentally  was  5.25  microns. 

The  500°K  black  body  D*(500, 100,1)  value  of  a  nickel  doped  germanium 
sample  at  an  operating  temperature  of  78°K  was  found  to  be  1.8x10®  cm  watt  *  sec  ^ 
at  optimum  bias.  The  dependence  of  noise  and  of  D*  upon  bias  voltage  for  this 
sample  is  given  in  Fig.  10.  The  plot  of  photocurrent  versus  field  for  this  same 
sample  is  given  in  Fig.  8.  The  absolute  spectral  response  curve  of  the  same 
sample  appears  in  Fig.  11.  As  with  the  gold  doped  alloys  and  with  cobalt  doped 
germanium,  the  limitation  on  the  D*  value  is  imposed  by  the  low  level  of  noise 
from  the  sample  in  the  bias  range  below  noise  breakdown  which,  as  has  been  pointed 
out  before,  is  probably  due  to  the  unfavorable  state  of  the  degree  of  compensation 
of  the  activator  impurity.  It  is  not  possible  to  estimate,  as  has  been  done  for 
the  gold  doped  alloys,  the  degree  of  compensation  of  either  the  Ni  level  or  of 
the  Co11  level  or  of  the  concentration  of  recombination  centers  in  the  samples 
measured  since  the  concentration  of  shallow  acceptor  states  due  to  annealing 
is  not  known.  Because  of  this,  it  is  difficult  to  estimate  what  improvement 
in  performance  of  cobalt  or  of  nickel  doped  germanium  might  reasonably  be  expected 
to  be  experimentally  realizable.  It  is  certain,  however,  that  the  performance 
attained  in  this  preliminary  study  of  these  materials  as  reported  here  can  be 
improved  by  significant  factors  by  a  more  thorough  investigation  of  the  conditions 
of  doping  and  compensation. 

5.  W.  W.  Tyler,  R.  Newman,  and  H.  H.  Woodbury,  Phys.  Rev.  98,  461(1955). 
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V.  Materials  Preparation 

A.  Gold  Doped  Germanium-Silicon  Alloy 

The  general  methods  involved  in  the  growth  and  doping  of  germanium- 
silicon  alloy  crystals  have  been  described  previously. *  The  crystals  for  the 
present  work  were  grown  by  the  horizontal  zone  melting  technique  in  a  manner 
such  that  there  was  a  gradient  both  of  silicon  content  and  of  concentration  of 
compensating  donor  impurity  in  the  growth  direction  of  the  crystal.  The  total 

15  _3 

gold  concentration  was  maintained  constant  at  about  2x10  '  cm  .  Since,  at  the 
start  of  the  investigation,  neither  the  silicon  content  nor  the  concentration  of 
compensating  donor  required  were  known  accurately,  the  adoption  of  the  crystal 
doping  procedure  used  maximized  the  probability  of  obtaining  some  useful  mate¬ 
rial  from  a  given  crystal  with,  however,  the  disadvantage  that  only  a  small  portion 
of  each  crystal  would  be  likely  to  be  useful.  The  first  crystals  grown  were 
greatly  overcompensated.  The  results  discussed  above  were  obtained  from  two 
crystals,  487  and  488,  both  of  which  still  were  overcompensated  in  the  silicon 
content  range  of  primary  interest.  Time  limitations  prevented  the  improvement 
of  compensation  control  beyond  this  point.  Consequently,  the  results  obtained 
do  not  represent  the  best  possible  performance  of  which  the  germanium-silicon- 
gold  system  is  believed  to  be  capable. 

B.  Nickel  Doped  Germanium 

The  behavior  of  nickel  in  diffusion  doping  is  similar  to  that  of  cobalt. 
Rapid  annealing  with  the  formation  of  low  lying  acceptors  occurs  to  about  the 
same  extent  in  both.  The  achievement  of  optimum  compensation  of  the  0.23  ev 
acceptor  level  is,  therefore,  subject  to  the  same  difficulty  as  in  the  case  of 
cobalt.  The  experimental  procedure  in  diffusion  doping  with  nickel  is  like 
that  described  for  cobalt. 
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C.  Cobalt  Doped  Germanium 

A  description  of  the  procedure  used  to  prepare  this  material  is 
discussed  in  Part  11,  Section  11,  paragraph  B. 
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PART  II 

COMPENSATED  DONOR  PHOTOCONDUCTORS 

I .  Introduction 

The  development  of  extrinsic  germanium  infrared  photoconductors  has 
reached  the  point  where,  by  appropriate  choice  of  activator  impurity  and 
conditions  of  compensation  of  the  activator,  virtually  every  portion  of  the 
spectrum  between  the  visible  and  wavelengths  of  at  least  100  microns  may  effectively 
be  covered.  In  general,  when  cooled  to  operating  temperatures  low  enough  so  that 
generation-recombination  noise  is  negligible,  these  photoconductors  exhibit  radiation 
background  noise  limited  operation  and  have  values  of  detectivity  within  factors 
of  the  order  of  two  to  three  of  the  theoretical.  For  those  cases  in  which  the 
measurements  have  been  made,  the  primary  quantum  efficiency,  in  terms  of  absorbed 
photons,  is  close  to  unity.  The  principal  area  of  improvement  of  these  photoconductors 
is  that  of  increasing  their  responsivlty  or  photoconduct ive  gain.  An  increase  of 
responsivity  increases  the  magnitude  of  the  signal  generated  by  a  given  radiation 
flux  and  the  magnitude  of  the  noise  due  to  a  given  background  radiation  flux 
without  altering  the  signal-to-noise  ratio.  The  higher  the  signal  and  noise  levels 
for  a  given  signal-to-noise  ratio,  the  less  stringent  are  the  conditions  imposed 
upon  the  noise  characteristics  of  the  electronic  circuitry  associated  with  the 
photoconductive  detector. 

The  semiconductor  material  parameters  which  determine  the  magnitude  of 
the  photoconductive  gain  are  the  carrier  mobility  and  lifetime.  The  magnitudes  of 
these  quantities  determine,  for  a  given  applied  electric  field,  the  average  effective 
number  of  charge  carriers  which  cross  the  interelectrode  space  in  the  photoconductor 
per  carrier  excited  by  absorption  of  a  photon.  At  the  temperature,  at  which  most 
extrinsic  germanium  photoconductors  must  be  operated,  77°K  or  below,  the  magnitude 
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of  the  mobility  is  determined  primarily  by  impurity  scattering.  For  the  range  of 
impurity  concentrations  usually  encountered  in  extrinsic  photoconductors ,  it  is  not 
likely  that  the  mobility  can  be  varied  sufficiently  by  adjustment  of  activator 
impurity  concentration  or  compensation,  to  produce  large  changes  in  the  photoconductive 
gain. 

The  carrier  lifetime,  on  the  other  hand,  can  be  varied  over  several  orders 
of  magnitude.  The  lifetime  is  given  by 


(3) 


n  v  s 

where  n  is  the  concentration  of  states  by  which  a  free  carrier  may  be  captured;  v 
is  the  thermal  velocity  of  a  free  carrier  and  S  is  the  capture  cross-section  of  the 
state  for  a  free  carrier.  In  the  case  of  what  may  be  called  a  normal  impurity 
center,  a  donor  near  the  conduction  band  or  an  acceptor  near  the  valence  band,  n  is 
given  by 


n  *  n  +  n  ,  +  n 
m  th  op 


(4) 


where  n^  is  the  concentration  of  minority  compensating  impurity;  n^  is  the 
concentration  of  thermally  excited  carriers  and  n  is  the  concentration  of 
carriers  excited  optically,  either  by  background  radiation  or  by  the  signal  radiation. 
Equations  (3)  and  (4)  point  out  the  need  for  minimizing  the  compensator  concen¬ 
tration  in  order  to  maximize  the  lifetime.  The  compensator  concentration  cannot  be 
reduced  to  zero,  however,  since  then  the  Fermi  level  at  low  temperatures  would  be 
located  near  the  midpoint  in  energy  between  the  impurity  level  and  the  band  edge 

rather  than  near  the  impurity  level.  In  fact,  it  is  virtually  impossible  to  reduce 

12  13  -3 

the  compensator  concentration  to  a  value  below  10  to  10  cm  since  this  is  of 
the  order  of  the  minimum  achievable  concentration  of  residual  impurities  in  germanium 


or  silicon. 
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The  term  in  Equation  (4)  may  be  made  small  by  cooling  the  photo¬ 

conductor  to  a  sufficiently  low  operating  temperature.  For  any  reasonable  value 
of  signal  or  of  background  radiation  flux,  the  quantity  n^  is  several  orders  of 
magnitude  smaller  than  that  of  n^.  Thus,  Equation  (3)  may,  to  a  high  degree  of 
approximation,  be  written 


n  v  S 
m 


(5) 


The  lifetime  for  a  normal  impurity  center,  then,  should  be  inversely  proportional 

to  the  compensator  concentration.  In  those  cases  for  which  this  concentration  can 

be  made  small;  for  example,  copper  doped  germanium,  high  responsivity  is  achieved. 

6  . 

A  study  of  the  dependence  of  photoconductive  gain  in  copper  doped  germanium  upon 
minority  impurity  concentration  has  demonstrated  approximate  agreement  with  Equation 
(5). 


The  capture  cross-section  of  an  ionized  impurity  center  for  a  charge 
carrier  may  be  expected  to  depend  upon  factors  which  vary  from  impurity  to  impurity. 
In  addition,  the  charge  state  of  the  ionized  center  should  determine  the  nature 
of  the  interaction  with  the  charge  carrier  and  thus  have  an  influence  upon  the 
capture  cross  section.  For  singly  ionized  normal  impurity  centers,  the  recombina¬ 
tion  processes  are: 

e'  +  M+  - *  M°  (6) 

for  donors,  and 

p+  +  M‘ - A  M°  (7) 

for  acceptors.  In  both  cases,  there  is  a  coulomb  attraction  between  the  ionized 
center  and  the  charge  carrier.  This  should  lead  to  large  capture  cross  sections 
for  these  processes. 

A  class  of  impurities  for  which  such  a  coulomb  attraction  does  not  exist 


6*  Semi-Annual  Technical  Summary  Report,  Contract  No.  AF33(657)-7864,  30  July,  1962. 
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includes  those  which  have  acceptor  levels  lying  above  the  middle  of  the  forbidden 

gap  of  the  host  semiconductor  or  donor  levels  lying  below  the  middle  of  the  gap. 

When  such  levels  are  properly  compensated,  the  recombination  involves  capture  of 

a  charge  carrier  either  by  a  neutral  center  or  by  a  center  of  the  same  sign 

as  that  of  the  charge  carrier.  In  the  former  case,  there  is  no  coulomb  interaction 

and  in  the  latter,  there  is  a  coulomb  repulsion.  Both  situations  should  lead  to 

capture  cross  sections  much  smaller  than  those  of  normal  centers. 

There  are  two  examples  known  of  impurities  in  germanium  which  have  donor 

levels  lying  near  the  valence  band.  These  include  the  Co1  level  at  0.08  ev  and 
T  8 

the  Au1  level  at  0.05  ev  above  the  valence  band  edge.  Both  of  these  are  of  interest 
as  potentially  useful  Infrared  detector  materials;  cobalt  for  the  8  to  13  micron 
atmospheric  window  region  and  gold  for  the  wavelength  range  out  to  about  25 
microns.  When  these  levels  are  compensated  by  addition  of  a  suitable  concentration 
of  an  acceptor  impurity  having  a  level  lying  closer  to  the  valence  band  than  the 
donor,  they  behave  as  pseudo  acceptor  levels.  The  photoionization  process  leading 
to  photoconductivity  involves  the  excitation  of  a  bound  hole  from  the  compensated 
donor  into  the  valence  band.  The  process  terminating  the  life  of  an  excited 
carrier  involves  the  recombination  of  a  free  hole  with  a  center  containing  an  electron 
and  which  is  therefore  neutral.  The  process  may  be  represented  by: 

p+  +  M° - ►  M+  (8) 

The  capture  cross-aection  of  this  type  of  center  in  gold  doped  germanium 
a  -18  2 

has  been  reported^  to  be  3.8x10  cm  .  The  corresponding  value  for  the  Au  normal 
acceptor  level  at  0.15  ev  above  the  valence  band  reported  in  the  same  paper  was 

7.  W.  W.  Tyler,  J.  Phys.  Chem.  Solids  8,  59(1959) 

8.  W.  C.  Dunlap,  Jr.,  Phys.  Rev.  100,  1629(1955);  H.  H.  Woodbury  and  W.  W.  Tyler,  Phys. 
Rev.,  105,  84(1957). 

9.  L.  I.  Neuringer  and  W.  Bernard,  Phys.  Rev.  Let,  6,  455(1961) 
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1.6x10  cm  .  These  values  were  obtained  by  analysis  of  the  frequency  spectrum 
of  generation-recombination  noise  of  a  gold  doped  germanium  sample  at  a  temperature, 
97°K,  at  which  the  Fermi  level  was  midway  between  the  two  gold  levels.  Values  for 
the  cross  section  of  the  0.15  ev  level  reported  by  other  investigators  range 
between  2.3x10”^  cni  and  4.9x10  J  cm  .  Although  the  spread  in  values  is  great, 
the  available  data  indicate  the  existence  of  the  effect  of  the  charge  of  the 
recombination  center  upon  the  magnitude  of  the  cross  sections  of  the  two  types  of 
centers.  No  data  are  currently  available  for  cross  sections  of  any  cobalt  levels. 

The  present  investigations  of  cobalt  and  of  gold  doped  germanium  are 
concerned  largely  with  the  determination  of  the  behavior  of  the  compensated 
donor  levels  and  with  the  interpretation  of  the  observed  effects  in  terms  of  a 
model  for  this  type  of  photoconductor. 
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II .  Materials  Preparation 

A.  Gold  Doped  Germanium 

In  order  to  reveal  the  gold  donor  level  lying  near  the  valence  band, 
it  must  be  compensated  by  the  addition,  in  a  concentration  nearly  equal  to  that 
of  the  gold,  of  an  acceptor  impurity  having  a  level  lying  closer  to  the  valence 
band  than  does  the  gold  level.  In  order  to  permit  investigation  of  the  effects 
of  degree  of  compensation  upon  the  photoconduct ive  behavior,  the  melt  doped  crystals 
were  grown  in  a  manner  such  that,  in  a  given  crystal,  the  gold  concentration  was 
constant  while  the  compensator  (usually  gallium)  concentration  increased  approximately 
linearly  along  the  crystal.  This  was  accomplished  by  first  growing,  in  a  horizontal 
zone  furnace,  a  germanium  crystal  having  a  constant  gallium  concentration  along  its 
length.  An  appropriate  amount  of  gold  and  sometimes  extra  gallium  was  then  added 
to  the  first  zone  length  and  the  zone  passed  through  the  crystal  a  second  time. 
Concentrations  of  gold  and  gallium  in  the  finished  crystal  were  estimated  from 
four  point  probe  resistivity  measurements  made  at  room  and  at  liquid  nitrogen 
temperatures . 

B.  Cobalt  Doped  Germanium 

The  starting  material  used  for  diffusion  doping  of  germanium  with 
cobalt  is  determined  by  which  level  the  0.08  ev  donor  or  the  0.25  ev  acceptor  is 
to  be  dominant.  In  the  first  case,  it  is  necessary  to  have  present,  prior  to 
diffusion,  a  concentration  of  shallow-acceptor  sufficient  to  remove  electrons 
from  most,  but  not  all  of  the  cobalt  donors.  The  principal  problem  associated 
with  the  preparation  arises  because  of  the  rapid  rate  of  removal  of  cobalt  by 
annealing  as  the  samples  are  cooled  from  the  diffusion  temperature,  approximately 
870°C.  Low  lying  acceptor  states  are  produced  in  a  concentration  which  is  roughly 
equal  to  the  reduction  in  concentration  of  cobalt  due  to  the  annealing.  Since  these 
acceptor  states  remove  electrons  from  the  donor  levels  of  the  remaining  substitutional 
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cobalt  atoms,  their  presence  must  be  taken  into  account  in  adjusting  the  concentra¬ 
tion  of  deliberately  added  acceptor  impurity  prior  to  diffusion.  For  this  reason, 
it  is  essential  to  minimize,  by  rapid  quenching,  the  annealing  of  cobalt  during 
cooling  and  to  make  the  loss  due  to  annealing  as  reproducible  as  possible  from 
run  to  run. 

The  diffusion  procedure  involved  first  the  preparation  of  a  single 

crystal  wafer  of  germanium  about  2mm  thick  doped  with  the  desired  compensator 

impurity.  This  wafer  was  electroplated  with  a  thin  layer  of  cobalt  and  then 

heated  in  a  furnace  to  the  diffusion  temperature.  After  heating  for  several  hours 

in  a  purified  dry  helium  atmosphere,  the  wafer  was  cooled  by  moving  the  boat  out 

of  the  furnace  hot  zone  and  at  the  same  time  passing  a  rapid  flow  of  helium 

gas  cooled  with  liquid  nitrogen  through  the  furnace  tube.  Concentrations  of  the 

various  types  of  centers  present  were  determined  from  resistivity  data  on  the  material 

before  cobalt  doping  and  from  analysis  of  temperature  dependence  of  resistivity 

data  taken  over  the  range  from  400°K  to  65°K  with  bars  cut  from  the  wafers  after 

cobalt  doping.  The  maximum  net  concentration  of  the  compensated  donor  level  achieved 
15  -3 

was  about  1x10  cm  . 

The  procedure  for  preparation  of  cobalt  doped  germanium  in  which  the 

0.25  ev  acceptor  level  is  dominant  is  similar,  except  that  the  starting  material 

now  must  be  n-type  rather  than  p-type  in  order  that  the  low  lying  acceptors  introduced 

by  annealing  are  completely  compensated.  The  uncertainty  in  the  knowledge  of  the 

shallow  acceptor  concentration  to  be  obtained  in  a  given  diffusion  introduces  a 

significant  uncertainty  in  the  adjustment  of  the  initial  donor  concentration  to 

give  optimum  compensation  of  the  cobalt  level.  Even  with  rapid  quenching,  the  con- 

14  -3 

centration  of  low  lying  acceptors  may  be  in  excess  of  10  cm  which  is  roughly  ten 
percent  of  the  activator  concentration. 
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III.  Model  of  Compensated  Donor  Photoconductor 

The  objective  of  the  present  section  Is  the,  principally  qualitative, 
discussion  of  a  model  which  appears  to  be  capable  of  accounting  for  the  main 
features  of  the  behavior  of  compensated  donor  photoconductors  of  the  type 
Ge-Co*  or  Ge-Au*.  This  behavior,  to  the  extent  that  it  has  been  thus  far  investi¬ 
gated,  will  be  described  in  later  sections. 

The  model  to  be  considered  includes  an  activator  impurity  level  which 
is  a  donor  lying  at  an  energy  above  the  valence  band  edge  and  which  is  present 
in  total  concentration  A  and  an  acceptor  impurity  lying  at  an  energy  (E^<E^) 
above  the  valence  band  and  which  is  present  in  total  concentration  T  (T<  A).  When 
such  a  material  is  in  thermal  equilibrium  in  the  dark  at  a  temperature  low  enough 
so  that  thermal  ionization  is  negligible,  the  occupation  of  the  levels  is  as 
schematically  represented  in  Fig.  12 -A.  All  of  the  acceptor  levels  are  occupied 
by  electrons  from  the  activator  donors  leaving  T  holes  and  (A-T)  electrons  bound 
to  the  activator  centers.  Under  these  conditions,  the  material  will  exhibit 
photoconductive  response  only  to  radiation  for  which  the  photon  energy  is  equal 
to  or  greater  than  E^.  However,  once  some  holes  have  been  photoexcited  into  the 
valence  band,  recombination  can  occur  between  these  holes  and  either  the  acceptor 
states  or  the  donor  states  containing  electrons.  The  relative  number  of  holes 
recombining  in  the  two  ways  will  be  determined  by  the  concentrations  of  the  two 
types  of  recombination  centers  and  their  capture  cross  sections.  If,  as  suggested 
in  the  Introduction,  the  donor  states  have  small  capture  cross  section,  recom¬ 
bination  into  the  low-lying  states  will  be  favored.  Once  an  appreciable  number 
of  holes  have  been  trapped  on  the  low-lying  states,  photoionization  of  these  can 
occur.  If  the  radiation  flux  is  maintained  constant,  a  steady  state  distribution 
of  bound  holes  between  the  two  sets  of  levels  will  be  established.  Such  a  steady 
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state  distribution  is  represented  schematically  in  Fig.  12-B.  This  would  be  the 
case,  for  example,  if  the  material  were  exposed  to  a  background  radiation  flux. 
Under  these  conditions,  the  material  ought  to  exhibit  photoconductlve  response 
with  a  threshold  at  a  wavelength  corresponding  to  rather  than  to  E^.  In 
other  words,  photoconductlve  response  at  wavelengths  considerably  longer  than 
that  corresponding  to  the  normal  threshold  of  the  activator  impurity  should  be 
observable  provided  that,  in  the  steady  state  condition,  the  concentration  of 
holes  bound  to  the  low-lying  state  is  sufficiently  large. 

As  the  operating  temperature  of  the  material  is  raised  above  the  low 
value  assumed  in  the  preceding  discussion,  thermal  ionization  of  holes  bound 
to  the  low-lying  acceptor  will  become  more  and  more  probable  until  a  tempera¬ 
ture  is  reached  for  which  the  low-lying  state  is  essentially  completely  ionized. 
Under  these  conditions,  the  low-lying  state  can  no  longer  act  as  a  recombination 
center.  If,  at  the  same  time,  the  ionization  energy,  E^,  of  the  activator  state 
is  sufficiently  larger  than  E^,,  the  activator  will  still  not  be  appreciably 
thermally  ionized.  The  material,  then,  will  no  longer  exhibit  photoconductivity 
at  wavelengths  greater  than  that  corresponding  to  E^  but  should  exhibit  photo¬ 
conductivity  at  shorter  wavelengths  and  should  have  a  threshold  at  E^. 

There  is  one  other  very  important  Implication  of  this  model.  If  the 
compensated  donor  center  does  have  a  much  smaller  capture  cross  section  than  a 
normal  acceptor  center,  the  recombination,  at  low  temperatures,  will  be  dominated 
by  capture  into  the  low-lying  acceptor.  The  lifetime,  consequently,  will  be 
short  and  the  photoconductlve  gain  low.  At  temperatures  high  enough  so  that  the 
low-lying  acceptors  are  essentially  completely  thermally  ionized  but  not  so  high 
that  the  deeper-lying  compensated  donor  centers  are  appreciably  thermally  ionized, 
the  recombination  can  no  longer  occur  into  the  low-lying  state  but  only  into 
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the  activator  state.  Since  this  is  postulated  to  have  a  small  capture  cross 
section,  the  lifetime  under  these  conditions  should  be  long  and  the  photocon- 
ductive  gain  high.  If,  then,  the  photocurrent  excited  by  a  given  radiation  flux 
is  measured  as  a  function  of  operating  temperature,  this  photocurrent  should  show 
a  large  positive  temperature  coefficient  in  the  range  in  which  thermal  ionization 
of  the  low-lying  acceptor  sets  in  and  proceeds  to  completion.  It  is  only  in  this 
relatively  higher  temperature  range  that  the  improvement  in  responsivity  to  be 
expected  from  the  small  capture  cross  section  of  a  compensated  donor  center  should 
be  realizable. 

As  indicated  in  the  qualitative  discussion  above,  the  existence  of 

photoconductivity  at  wavelengths  beyond  the  normal  threshold  of  the  activator 

impurity  depends  upon  the  establishment  of  a  sufficient  concentration  of  bound 

holes  on  the  low-lying  center  in  the  steady  state  condition  due  to  irradiation. 

An  expression  for  this  concentration  will  be  derived  for  the  case  in  which  the 

temperature  is  low  enough  so  that  thermal  ionization  may  be  neglected.  It  will 

be  assumed  that  the  material  is  exposed  to  a  constant  background  radiation  flux 

corresponding  to  a  black  body  at  temperature  t.  The  quantities  involved  in  the 

analysis  are  defined  as  follows: 

A  *  Total  concentration  of  activator  center 

A^  ■  Concentration  of  activator  centers  containing  bound  holes 

T  -  Total  concentration  of  low-lying  centers 

Ti  -  Concentration  of  low-lying  centers  containing  bound  holes 

p  -  Concentration  of  holes  in  valence  band 

P^  *  Phot on  flux  from  background  capable  of  ionizing  holes  from 
activator  centers 

P^  -  Photon  flux  from  background  capable  of  ionizing  holes 
from  low-lying  centers 

*  Photon  absorption  cross  section  of  activator  center 
■  Photon  absorption  cross  section  of  low-lying  acceptor  center 


■  Recombination  coefficient  for  capture  of  free  hole 
by  activator  center 

B^  -  Recombination  coefficient  for  capture  of  free  hole 
by  acceptor  center 

v  «  Volume  of  sample 

JL  •  Length  of  sample  in  direction  of  propagation  of  the 
radiation 


In  the  steady  state,  the  rate  at  which  holes  are  captured  by  a  level 
is  equal  to  the  rate  at  which  holes  are  ionised  from  that  level  by  the  radiation. 
This  condition  is  expressed  by  the  following  equations: 


bap(a-a1)v  -  pa  oaa/ 

and 

Btp(T-T1)v  -  pTaTTj/ 


(9) 

(10) 


If  p  is  eliminated  from  Eqs.  (9)  and  (IP),  an  expression  for  the  ratio  Tj/T  may 
be  obtained. 


h  VaVi 
t  “  ptVa<a-V  +  Va¥i 


(11) 


If  the  following  ratios  are  defined, 


P_  a 

-I  .  P  -I 

P  ’  a 

rA  A 


(12) 


Eq.  11  reduces  to 


BA, 


PcKA-Aj)  +  BAX 


(13) 


There  exists  an  additional  relationship  between  T^  and  A^.  The  total  concen¬ 
tration  of  holes  in  the  system  is  (Aj+Tj+p).  This  must  be  equal  to  T.  For  any 
reasonable  background  flux,  the  free  hole  concentration,  p,  is  negligible  compared 
with  the  other  concentrations.  Thus 
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When  this  is  substituted  into  Eq.  (13),  the  expression  for  T^/T  becomes 

Tx  BCT-T^ 

T  "  Po(A-T+T1)  +  BCT-Tj^)  * 

A 

If  —  •  N  ,  the  solution  of  Eq.  (15)  may  be  written 

^1  Pofl-H)  -  2B  4.  /[PafN-n  +  2B~1 1  B  . 

I  ■  2(Pa-B)  -J  4(p„.B)2  K>  -  B  ‘ 

The  relative  occupation  of  the  low-lying  acceptor  state  by  bound  holes  under 
background  (or  other)  irradiation  depends  upon  the  ratios  of  activator  and 
compensator  concentrations,  of  recombination  coefficients  or  capture  cross 
sections,  of  photon  absorption  cross  sections,  and  of  photon  fluxes. 

In  order  to  give  some  idea  of  the  form  of  the  functional  dependence 
and  magnitudes  involved,  Eq.  (16)  has  been  plotted  in  Fig.  13  for  several 
values  of  the  parameters.  A  value  of  Po  of  two  has  been  chosen  since  this 
corresponds  approximately  to  the  case  of  Ge-Co1  for  Irradiation  by  room  tempera¬ 
ture  background  radiation.  The  activator  level  lies  at  about  0.08  ev  and  the 
acceptor  level  produced  by  annealing  at  0.038  ev.  If  N  is  not  much  greater  than 
unity,  which  corresponds  to  nearly  complete  compensation  of  the  cobalt  donor, 
the  ratio  T^/T  is  greater  than  0.1  even  for  small  values  of  B.  If,  in  fact,  the 
capture  cross  section  of  the  acceptor  level  is  much  larger  than  that  of  the  com¬ 
pensated  donor,  corresponding  to  B^l,  then  T^/T  is  large  even  for  relatively 
large  values  of  N.  The  lowest  curve,  for  Po  *  100  and  N  ■  2.0,  is  included  to 
illustrate  the  effect  of  an  increase  in  and/or  a  decrease  in  E^,  upon  the 
distribution.  Here,  the  value  of  B  must  be  much  larger  than  before  in  order 
to  achieve  comparable  bound  hole  concentrations. 

It  is  not  possible,  at  present,  to  make  reliable  numerical  estimates 
for  actual  samples  since  the  B's  and  o's  are  not  known.  It  is  evident,  however, 
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that  reasonable  estimates  of  these  parameters  do  give  rise  to  a  range  of 
values  of  T^/T  which  Is  adequate  to  account  qualitatively  for  the  excess 
photoconductivity  which  has  been  observed  with  Ge-Co*  samples. 
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IV .  Cobalt1  Doped  Germanium1*^ 

A.  Energy  Levels 

The  locations,  in  energy,  of  the  impurity  levels  which  are  involved 
in  the  behavior  of  cobalt  doped  germanium  as  a  compensated  donor  photoconductor 
were  determined  by  measurement  of  the  temperature  dependence  of  resistivity  of 
appropriately  doped  samples  under  conditions  such  that  no  external  radiation  was 
present.  The  curves  of  Fig.  14  are  typical.  Curve  A  was  obtained  from  a  sample 
for  which  the  concentration  of  low  lying  acceptors  was  such  that  the  cobalt  donor 
level  was  partially  but  not  completely  compensated  by  loss  of  electrons  to  these 
acceptors.  The  slope  corresponds  to  a  thermal  activation  energy  of  0.081  ev. 

This  is  slightly  lower  than  the  value,  0.09  ev,  reported  in  the  literature. ^ 

Samples  examined  during  the  course  of  this  investigation  have  consistently  given 
values  in  the  neighborhood  of  0.08  ev.  When  the  combined  concentration  of  deliberately 
added  shallow  acceptor  and  that  due  to  annealing  of  cobalt  is  slightly  greater  than 
the  cobalt  concentration,  behavior  exemplified  by  curve  B  is  observed.  The  slope, 

0.038  ev,  gives  the  thermal  activation  energy  of  the  level  introduced  by  the 
annealing  of  cobalt.  If  a  sufficiently  large  excess  of  shallow  acceptor,  gallium 
or  indium,  had  been  added,  a  thermal  slope  of  about  0.01  ev  would  have  been  observed. 

No  such  greatly  overcompensated  samples  were  investigated. 

B.  Black  Body  Photoconduct ive  Response 

The  500°K  black  body  D*  values  were  determined  under  conditions  such  that 
the  samples  were  exposed  to  room  temperature  background  radiation  entering  the  sample 
chamber  through  a  0.010  inch  diameter  aperture.  The  angular  field  of  view  for 
acceptance  of  background  radiation  was  19°.  The  D*  (500,100,1)  values  obtained  at 
an  operating  temperature  of  5.5°K  are  listed  in  Table  III  for  two  samples  having 
different  Co1  concentrations.  Both  D*  and  A0g,  the  change  in  conductivity  per 


10.  A  large  fraction  of  the  research  reported  in  this  section  has  been  performed 
under  Contract  DA44-009-ENG-4863. 
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TABLE  III 

Ge-Co*:  Photoconductive  Response 

T  -  5.5°K 

Sample  No. 

505E 

505H 

-3 

Total  Co  cone.,  cm 

1.5xl015 

1.3xl015 

I  -3 

Co  cone . ,  cm 

6.0xl014 

l.lxlO15 

D*(500, 100,1)  cm  watt'1sec'l/2 

8.9xl09 

1.7xl010 

Optimum  bias,  volts 

110 

62 

AtJs,  (ohm  cm  watt)  * 

1.4x10" 3 

3.0x10" 3 

watt  of  500°K  black  body  radiation  incident,  are  roughly  proportional  to  the  Co* 
concentration. 

C .  Spectral  Response  Characteristics 

The  long  wavelength  threshold  of  photoconductivity  of  Ge-Co*  is 
expected  to  lie  at  approximately  15  microns,  corresponding  to  an  ionization 
energy  of  about  0.08  ev.  According  to  expectation  based  on  the  model  of  a 
compensated  donor  photoconductor  discussed  in  the  preceding  section,  this  threshold 
should  be  obtained  only  at  relatively  high  operating  temperatures.  The  relative 
spectral  response  of  sample  505H  at  50°K  is  shown  in  Fig.  15.  The  extrinsic 
response  is  a  factor  of  ten  below  its  peak  value  at  a  wavelength  of  14.5  microns. 

The  shape  of  the  curve  at  short  wavelengths  indicates  the  pressure  of  a  contribution 
from  the  second  cobalt  level  at  0.25  ev  above  the  valence  band. 

If  the  sample,  however,  is  examined  at  operating  temperatures  low 
enough  so  that,  because  of  the  effect  of  background  radiation,  holes  are  trapped 
on  the  acceptor  states  lying  below  the  cobalt  donor  level,  the  photoconductive 
response  should  extend  to  wavelengths  longer  than  15  microns.  The  response  curve 
of  the  same  sample,  505H,  at  5.5°K  is  given  in  Fig.  16.  At  this  temperature, 
photoconductivity  extends  to  a  wavelength  of  at  least  25  microns  which  is  the 
present  long  wavelength  limit  of  the  monochromator  available.  The  approximate 
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position  of  the  normal  Cc"  threshold  is  indicated  by  the  dashed  line.  The 
structure  beyond  16  microns  is  due  to  lattice  vibration  absorption  in  germanium. 

Other  samples  have  given  spectra  which  are  essentially  identical  except  for  some 
differences  in  detail .  The  spectral  response  behavior  which  has  been  observed  is 
in  qualitative  agreement  with  prediction  based  on  the  model  discussed  above. 

D.  Temperature  Dependence  of  Photocurrent 

Two  effects  are  expected  to  be  observed  in  the  investigation  of 
the  temperature  dependence  of  the  photocurrent  in  cobalt  doped  germanium.  (1)  The 
response,  at  wavelengths  beyond  the  normal  threshold,  is  expected  to  decrease,  as  the 
operating  temperature  is  increased  in  going  from  a  temperature  at  which  the  low 
lying  acceptors  containing  holes  are  largely  deionized  to  one  at  which  these  states 
are  nearly  completely  ionized.  (2)  The  photocurrent  at  wavelengths  shorter  than 
the  normal  threshold  is  expected  to  increase  in  the  same  temperature  range  in  which 
the  excess  long  wavelength  response  decreases  provided  that  the  product  of  capture 
cross-section  and  concentration  of  the  recombination  centers  for  the  Co*  level  is 
smaller  than  the  corresponding  produce  for  the  shallow  acceptor  states. 

The  photocurrents  at  selected  wavelengths,  5.3,  11.4,  15.0  and  20.2  microns, 
were  measured  as  functions  of  temperature  between  5.5°K  and  50°K.  The  results  obtained 
for  sample  505H  are  shown  in  Fig.  17  in  which  the  curves  of  relative  photocurrent 
have  been  normalized  to  unity  at  5.5°K.  At  20.2  microns,  the  photocurrent  is  nearly 
temperature  independent  below  20°K.  Above  this  temperature,  it  decreases  rapidly 
by  a  factor  of  at  least  100  until,  at  34°K,  no  response  is  detectable  above  the 
noise.  At  15.0  microns,  the  low  temperature  behavior  is  like  that  at  20.2  microns.  . 
Above  32°K,  however,  the  response  rises  somewhat  and  ultimately  levels  off  near 
50°R.  The  behavior  at  20.2  microns  and  the  low  temperature  behavior  at  15.0  microns 
represents  that  characteristic  of  effect  (1)  above.  Appreciable  fractions  of  the 
holes  bound  to  the  shallow  levels  become  thermally  ionized  at  temperatures 
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extending  upward  from  about  20°K.  This  temperature  range  for  extensive  thermal 
ionization  is  about  that  to  be  expected  considering  the  value  reported  above,  0.038  ev, 
for  the  thermal  activation  energy  of  the  acceptor  level.  The  rise  in  photocurrent 
with  temperature  in  the  high  temperature  range  at  15.0  microns  is  probably  due  to 
the  shift  to  longer  wavelengths  with  rising  temperature  of  the  normal  photoconduct ive 
edge. 

The  temperature  coefficients  of  photocurrent  at  5.3  and  11,4  microns, 
both  of  which  lie  within  the  normal  extrinsic  response  range  for  Co*,  are  positive 
over  the  entire  temperature  range.  This  is  the  type  of  effect  to  be  expected  for 
(2)  above  if  the  capture  cross-section  of  the  donor  level  for  holes  is  smaller  than 
that  of  the  acceptor  level.  The  magnitude  of  the  increase,  a  factor  of  six  at 
5.3  microns  and  a  factor  of  three  at  11.4  microns,  however,  is  considerably  smaller 
than  might  reasonably  be  expected  for  a  large  ratio  of  the  two  cross-sections. 

Data  on  other  samples  with  different  degrees  of  compensation  of  the  cobalt  level 
are  required  in  order  to  obtain  a  more  comprehensive  idea  of  the  reliability  of  the 
low  cross-section  hypothesis. 

E .  Relative  Quantum  Yields 

The  relative  magnitudes  of  the  photocurrents  in  the  wavelength  range 
below  15  microns  as  compared  with  those  at  longer  wavelengths  are  determined, 
according  to  the  model,  by  the  distribution  of  bound  holes  between  the  Co1  level 
and  the  lower  lying  acceptor  level.  It  is  not  possible  at  present  to  calculate 
this  distribution  from  Eq.  (16)  since  the  values  of  some  of  the  required  parameters 
are  not  known.  The  experimental  results,  however,  can  be  used  to  obtain  some 
idea  of  the  distribution. 

The  relative  photocurrents  per  Incident  photon  at  each  of  the  selected 
wavelengths  have  been  computed  for  the  two  samples  of  Table  III.  The  results  are 
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presented  in  Table  IV.  For  each  sample  separately,  the  photocurrents  per  photon 
at  an  operating  temperature  of  5.5°K  are  the  same  to  within  a  factor  of  approximately 
two  at  all  of  the  selected  wavelengths.  Unless  the  photon  absorption  cross-sections 
are  widely  different  at  long  and  at  short  wavelengths,  which  is  unlikely,  the  approxi¬ 
mate  constancy  of  the  photocurrent  per  photon  indicates  that  the  concentration  of 
holes  bound  to  the  low-lying  states  responsible  for  the  long  wavelength  photoconduc¬ 
tivity  is  about  equal  to  that  giving  rise  to  the  photocurrent  at  shorter  wavelengths. 


TABLE  IV 

Ge:Co*  -  Photocurrents  per  Incident  Photon 

T  -  5.5°K 

s 

Wavelength 

Microns 

Photocurrent 
Arbitrary  Units 

Photocurrent 

Ratio 

505E 

505H 

505H/505E 

20.2 

15.0 

11.4 

5.3 

Co*  cor 

1.43 

1.56 

1.72 

2.22 

lcentratioi 

2.88 

2.95 

3.21 

6.76 

l  ratio,  5( 

2.01 

1.89 

1.87 

3.04 

)5H/505E-1.83 

When  the  two  samples  are  compared,  it  is  seen  that  the  ratio  of  photocurrents  at 
a  given  wavelength  is  very  closely  equal  to  the  ratio  of  Co*  concentrations  in  the 
two  samples.  The  only  large  discrepancy  occurs  at  5.3  microns.  Since,  at  this 
wavelength,  the  Co11  level  at  0.25  ev  probably  makes  a  significant  contribution  to 
the  total  photocurrent,  this  discrepancy  should  be  assigned  relatively  little 
weight.  The  results  of  these  two  comparisons  indicate  the  approximate  equality  of 
the  concentrations  of  holes  bound  to  the  two  types  of  centers.  This  conclusion 
is  in  qualitative  agreement  with  the  prediction  of  the  ratio  of  these  concentrations 
on  the  basis  of  Eq .  16  with  the  assumption  that  B  is  of  the  order  of  unity  or  larger. 
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V.  Gold1  Doped  Germanium*' * 

A.  Temperature  Dependence  of  Resistivity 

The  gold-gallium  doped  germanium  available  for  this  investigation 
Includes  crystals  for  which  the  total  gold  concentration  has  several  fixed 
values  between  about  2x10^  cm  ^  and  about  1x10^^  cm  At  each  gold  concen¬ 
tration,  the  range  of  gallium  concentration  is  such  that  the  net  Au1  concentra¬ 
tion  varies  between  a  value  close  to  that  of  the  total  gold  and  values  of  about 
one-half  to  one-tenth  of  the  total  gold. 

Measurement  of  the  temperature  dependence  of  resistivity  of  samples 
from  these  crystals  under  conditions  of  no  external  radiation  has  indicated  the 
existence  of  some  apparently  anomalous  effects  at  the  higher  gold  concentrations. 
Curve  A  of  Fig.  18  is  typical  of  the  behavior  of  a  normal  sample.  The  resis¬ 
tivity  increases  exponentially  with  inverse  temperature  at  a  rate  corresponding 
to  the  thermal  ionization  energy  of  the  Au1  level.  When  the  resistivity  becomes 
very  high,  about  10^  ohm  cm,  an  apparent  deviation  from  this  exponential 
dependence  occurs  such  that  the  apparent  resistivity  becomes  nearly  temperature 
independent.  This  behavior  may  be  due  to  a  slight  residual  trace  of  stray 
background  radiation  but  may  just  as  well  be  due  to  electrical  leakage  in  the 
measuring  system.  Curve  B  of  the  same  figure  illustrates  the  behavior  of  a 
sample  which  is  overcompensated  with  gallium.  The  slope,  0.014  ev,  is  approxi¬ 
mately  that  to  be  expected  for  the  gallium  acceptor  level.  The  gold  concen¬ 
tration  in  the  crystal  from  which  these  samples  were  obtained  is  about 

a  m1*  -3 

6x10  cm  . 

The  curves  of  Fig.  19  illustrate  the  behavior  of  two  samples  from  a 

15  -3 

crystal  in  which  the  gold  concentration  is  considerably  higher,  3.1x10  cm  . 

7  8 

The  behavior  is  normal  up  to  resistivities  of  10  to  10  ohm  cm.  Beyond  this, 


11.  A  portion  of  the  research  reported  in  this  section  has  been  performed  under 
Contract  AF33(657)-7864. 


FIG.  19 
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the  curves  bend  over  and  have  slopes  which  are  considerably  smaller  than  would 
correspond  to  the  presence  of  a  slight  gallium  excess.  For  this  reason,  it  is 
unlikely  that  the  observed  behavior  is  due  to  slight  overcompensation  of  the  gold 
level.  This  hypothesis  would  also  be  inconsistent  with  concentration  data 
obtained  from  four  point  resistivity  probe  measurements  made  on  the  crystal 
before  the  samples  were  cut.  It  is,  perhaps,  more  likely  that  the  effect  is  due 
to  impurity  banding.  This  would  be  consistent  with  the  absence  of  such  effects 
at  the  lower  gold  concentrations.  The  investigation,  thus  far,  has  been  confined 
to  samples  which  do  not  exhibit  this  type  of  behavior. 

B.  Black  Body  Photoconduct ive  Response 

The  500°K  black  body  D*  values,  for  two  Ge:Au*  samples,  determined  under 
the  same  conditions  as  those  enumerated  in  Section  IV-B,  are  given  in  Table  V.  The 
background  noise  limited  D*  value  is  essentially  the  same  for  these  two  samples 


TABLE  V 

Ge-Au1:  Photoconductive  Response 

T  -  5.5°K 

Sample  No. 

492A 

492F 

-3 

Total  Au  cone.,  cm 

6.4xl014 

6.3xl014 

■  I  _ ,  .  -3 

Au  cone . ,  cm 

3.4xl014 

5 . 7xl014 

-1  -1/2 

D*(500, 100,1)  cm  watt  sec 

2. lxlO10 

1.7xl010 

Optimum  bias,  volts 

40 

15 

Aag,  (ohm  cm  watt)  ^ 

1.2xl0'2 

3.5xl0-2 

although  there  is  a  considerable  difference  in  the  compensation  of  the  gold  level 
in  the  two.  The  value  of  AOB>  however,  does  depend  upon  the  Au1  concentration. 

It  may  be  noted  that  the  values  for  these  gold  doped  samples  are  about  a 
factor  of  ten  larger  than  those  of  the  cobalt  doped  samples  of  Table  III  in  spite 
of  the  fact  that  the  net  activator  concentrations  are  somewhat  smaller  in  the  gold 
than  in  the  cobalt  doped  samples. 
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C.  Spectral  Response  Characteristics 

A  typical  spectral  response  curve  for  Ge-A  j1  at  an  operating  tempera¬ 
ture  of  5.5°K  in  the  presence  of  background  radiation  is  given  in  Fig.  20.  The 
peak  of  the  response  occurs  at  about  17  microns  and  the  apparent  long  wavelength 
threshold  at  about  25  microns,  which  is  the  value  to  be  expected  for  an  ioniza¬ 
tion  energy  of  about  0.05  ev.  The  structure  at  wavelengths  longer  than  15  microns 
is  due  to  germanium  lattice  vibration  absorption.  It  has  not  yet  been  possible, 
for  instrumental  reasons,  to  search  for  the  expected  response  beyond  the  normal 
threshold  due  to  the  background  -adiation  Induced  redistribution  of  holes  between 
the  gold  and  the  gallium  levels.  The  threshold  at  about  25  microns  may  be  only 
apparent  and  may  be  due  to  the  presence  of  the  very  strong  lattice  vibration 
absorption  peaking  at  about  29  microns.  It  will  be  necessary  to  Investigate  the 
wavelength  range  beyond  about  35  microns  in  order  to  determine  whether  or  not 
the  response  beyond  the  normal  threshold  is  present.  This  will  be  done  as  soon 
as  appropriate  prisms  for  the  Leiss  monochromator  are  acquired. 

D.  Temperature  Dependence  of  Photocurrent 

In  the  discussion  presented  in  Section  III,  it  has  been  pointed  out 
that  the  existence  of  a  small  capture  cross  section  for  the  compensated  donor 
photoconductor  should  result  in  a  large  positive  temperature  coefficient  of 
photocurrent  over  the  temperature  range  in  which  the  probability  of  thermal 
ionization  of  holes  bound  to  the  low-lying  compensating  acceptor  impurity  goes 
from  a  low  to  a  high  value.  Curves  giving  the  temperature  dependence  of 
per  watt  of  black  body  radiation,  chopped  at  100  cps,  from  a  source  at  about 
300°K,  for  three  different  gold  doped  samples,  are  shown  in  Fig.  21.  The 
concentrations  of  gold  and  gallium,  the  values  of  A ag  at  5°K  and  the  ratios  of 
Adg  at  13°K  to  those  at  5°K  are  given  in  Table  VI  for  these  samples. 
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TABLE  VI 

Ge-Au*  -  Temperature  Dependence 

jf  Photocurrent 

Photocurrent 

Total 

Sample 

Ratio 

A a  at  5°K 

Gold  Cone. 

Gallium  Cone. 

(13°K/5°K) 

9  -1 
(ohm  cm  watt) 

-3 

cm 

cm"3 

506K 

52 

4.4xl0-2 

2.2xl014 

1.9xl014 

492F 

14 

2.2xl0-2 

6.3xl014 

5.7xl014 

492A 

1.4 

1.3xl0-2 

6.4xl014 

3.4xl014 

The  differences  in  behavior  are  striking.  The  photocurrent  ratio  is 
about  unity  for  492A  and  in  excess  of  fifty  for  506K.  The  question  of  whether 
or  not  these  results  provide  evidence  for  a  small  capture  cross  section  for  the 
gold  recombination  centers  will  now  be  examined.  At  a  high  temperature,  e.g., 
13°K,  only  the  gold  recombination  centers  are  operative.  Their  concentration 
is  the  difference  between  the  gold  and  the  gallium  concentrations.  At  a  low 
temperature,  e.g.,  5°K,  two  hypotheses  will  be  considered. 

(a)  The  gold  cross  section  is  negligible  compared  with  that  of  gallium. 
The  concentration  of  recombination  centers  for  this  case  is 

(Ga  -  A)  where  Ga  is  the  total  gallium  concentration  and  A 
is  the  concentration  of  gallium  centers  containing  bound  holes 
due  to  the  redistribution  under  the  influence  of  background 
radiation. 

(b)  The  gold  and  gallium  have  equal  cross  sections.  The  recombina¬ 
tion  center  concentration  for  this  case  would  be  equal  to  the 
total  gold  concentration.  The  various  recombination  center 
concentrations  are  listed  in  Table  VII. 
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TABLE  VII 

Ge-Au*  -  Recombination  Center  Concentrations 

Sample 

Low  Temperature 

High  Temperature 

(a) 

Cb> 

506K 

1.9xl014  -  A1 

2.2xl014 

3xl013 

492F 

5.7xl014  - 

6.3xl014 

6xl013 

492A 

3.4xl014  -  Aj 

6.4xl0^4 

3.0xl014 

Consider  first  the  A values  at  5°K.  The  experimental  values  are  incon¬ 
sistent  with  hypothesis  (b)  since  this  would  require  that  samples  492A  and  492F 
have  the  same  value  of  Aos  while  sample  506K  should  have  a  value  2.9  times  larger. 
Hypothesis  (a)  cannot  reliably  be  checked  since  the  values  of  the  A'a  cannot  be 
determined  without  a  knowledge  of  the  cross  section  ratio  B. 

A  definite  conclusion  may  be  drawn  from  the  relative  values  of  A<J8,  at 
the  high  temperature  since  here  only  the  gold  recombination  centers  are  involved. 
From  the  concentrations  given  in  Table  VII  and  assuming  that  the  gold  center 
cross  section  is  the  same  in  all  three  samples,  the  Acfg  ratios  expected  at  13°K 
are!  492F  "  ^  *  10,  and  -  5.  The  experimentally  observed  values  are 

7.4,  126,  and  16.9,  respectively.  The  assumption  of  a  constant  cross  section 
for  the  gold  center  is  clearly  inconsistent  with  the  results.  The  magnitude  of 
the  cross  section  must  be  a  function  of  the  gold  and  gallium  concentrations. 

The  data,  at  present,  are  not  sufficiently  complete  to  determine  the  form  of 
this  functional  dependence. 

Considering  the  change  of  Acrg  with  temperature  for  each  sample  individ¬ 
ually,  hypothesis  (b)  requires  that  the  photocurrent  ratios  be  7.3,  10,  and  2.1 
for  samples  506K,  492F,  and  492A,  respectively,  provided  that  the  cross  sections 
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are  temperature  independent.  If  the  cross  sections  are  assumed  to  be  temperature 
dependent  with  the  same  sign  of  temperature  coefficient  as  has  been  reported 
for  other  impurities  (cross  section  increases  with  increasing  temperature),  then 
the  expected  ratios  would  be  even  smaller  than  these.  Except  possibly  for 
sample  492A,  the  observed  ratios  are  substantially  larger.  This  argument 
suggests  that  the  capture  cross  section  for  the  gold  level  is  considerably 
smaller  than  that  for  gallium  which  may  be  taken  as  being  representative  of  a 
normal  acceptor  impurity.  It  is  not  possible  to  make  a  reliable  comparison  with 
experiment  on  the  basis  of  hypothesis  (a)  since,  once  again,  the  A's  cannot  be 
evaluated  without  a  knowledge  of  the  cross  section  ratio  B  at  the  low  tempera¬ 
ture.  Even  if  this  quantity  were  known,  it  would  be  difficult  to  estimate  the 
expected  Increase  of  photocurrent  with  temperature  without  a  knowledge  of  the 
temperature  and  concentration  dependence  of  the  gold  cross  section. 

The  one  point  which  appears  to  have  been  rather  definitely  established 
from  the  results  thus  far  obtained  is  that  the  gold  center  recombination  cross 
section  appears  to  be  concentration  dependent.  The  results  suggest,  but  do  not 
definitely  establish,  that  the  gold  cross  section  is  significantly  smaller  than 
the  gallium.  Clearly,  more  experimental  work  is  required.  Of  prime  importance 
is  the  more  accurate  determination,  by  Hall  effect  measurements,  of  impurity 
concentrations.  Knowledge  of  carrier  mobilities  in  the  high  temperature  range 
where  recombination  with  gallium  is  not  Involved  should  permit  the  determination 
of  lifetimes  and  therefore  capture  cross  sections  from  measurements  of  photo¬ 
currents  excited  by  known  photon  fluxes.  If  the  cross  sections  can  be  obtained 
as  a  function  of  temperature  in  the  high  temperature  range,  then,  by  extrapola¬ 
tion,  low  temperature  values  can  be  estimated  and  compared  with  experimentally 
determined  values  in  order  to  obtain  cross  sections  for  gallium. 


